Introduction
============

Glioblastoma multiforme (GBM) is one of the most malignant tumors in humans. Despite postoperative chemo- and radiotherapy the mean survival time of GBM patients is 12--14 months and only a few survive for more than 5 years.^[@B74],[@B75]^ Cancers are comprised of heterogeneous populations of cancer cells and include specific subpopulations that possess stem cell-like characteristics. They are known as cancer stem cells (CSCs) and they can produce CSCs and differentiated non-CSCs.^[@B65]^ Singh et al.^[@B69],[@B70]^ who proposed the "cancer stem cell hypothesis" in human brain tumors reported that they contain small populations of cells that can initiate brain tumors and that they are concentrated in the CD133^+^ fraction. Vescovi et al.^[@B78]^ defined brain tumor stem cells as cells with cancer initiation and extensive self-renewal ability, karyotypic or genetic alterations, aberrant differentiation properties, and the capacity to generate non-tumorigenic end cells.

It is now known that specific microenvironments (niches) play an important role in maintaining the stemness of normal somatic stem cells and CSCs, and that, changes in the niches lead to the differentiation of stem cells. Cell-cell- and cell extracellular matrix (ECM) interactions take place in niches and several secreting molecules are involved.^[@B25],[@B61]^ Glioblastoma stem cells (GSCs) and GBMs niches play a pivotal role in the initiation, progression, resistance to therapy, and recurrence of GBM.

The standard treatment for GBM consists of a combination of surgical resection and chemo-radiotherapy. Attempts are made to remove the tumor mass as thoroughly as possible. Neuronavigation systems, intraoperative magnetic resonance (MR) imaging, neurological monitoring, and photodynamic diagnosis using 5-aminolevulinic acid may facilitate maximal tumor removal and avoid the induction of neurological deficits.^[@B19],[@B46],[@B77]^ However, GBM tumor cells migrate into the brain parenchyma far from the tumor mass^[@B80]^ and recurrence is commonly seen along the periphery of the tumor removal cavity even in cases with complete postoperative disappearance of the enhanced lesion ([Fig. 1A--C](#F1){ref-type="fig"}).^[@B27]^ This suggests that migrated tumor cells far from the tumor mass are killed by conventional chemo-radiotherapy or that the growth of residual tumor cells is below the level of detection. Thus GSCs around the removal cavity may be able to escape the effects of current multimodal therapies and the recurrence of GBM may be attributable to the persistence of surviving dormant GSCs in GBM niches around the removal cavity ([Fig. 1C, D](#F1){ref-type="fig"}).

Despite extensive efforts to cure GBM patients, curative therapies remain elusive. Beier et al.^[@B8]^ who summarized accumulated information on the chemoresistance of GBMs concluded that the interactions of GSCs and chemotherapy are highly complex and that intrinsic and extrinsic factors are involved. Here we focus on GSCs and GBM niches as therapeutic targets and discuss the need for additive treatments.

GSC markers
===========

According to Singh et al.,^[@B69],[@B70]^ brain tumor initiating cells are concentrated in the CD133^+^ but not in the CD133^−^ fraction. Clinically, CD133^−^ GBMs are characterized by a lower proliferation index.^[@B6],[@B7]^ However, the CD133 status alone is not sufficient as a GSC marker. Beier et al.^[@B7]^ reported that cells from primary GBM contained CD133^+^ subpopulations that formed spheres, and that cells from GBMs that harbored no CD133^+^ cells grew adherently, and that CD133^−^ tumor cells could initiate tumors and fulfilled stem-cell criteria. Chen et al.^[@B15]^ had shown that some CD133^−^ cells were more primitive than CD133^+^ cells and that CD133^−^ cells could produce CD133^+^ and CD133^−^ cells. Nishide et al.^[@B56]^ established induced GSCs (iGSCs) derived from mouse neural stem cells (NSCs). They deleted CD133-expressing cells by tamoxifen-dependent Cre activation and obtained cells that could form GBM. They concluded that CD133 expression was not required for the tumorigenesis of GSCs in nude mice.

While CD133 is one of the markers of GSCs, it is not sufficient for their purification. Other markers used for the detection of GSCs are CD15/SSEA-1/ LewisX, A2B5, L1CAM, integrin alpha 6, and CXCR4.^[@B1],[@B47],[@B57],[@B72],[@B83]^ Kijima et al.^[@B41]^ who reported that CD166/activated leukocyte cell adhesion molecule (ALCAM) was highly expressed in CD133^+^ GSCs showed that ALCAM and its soluble isoform are involved in the regulation of glioblastoma invasion and progression.

Another technique used to identify GSCs is utilization of their drug efflux ability through ATP-binding cassette (ABC) drug transporters. Hematopoietic stem cells (HSCs) express high levels of ABCG2, but the gene is turned off in committed progenitors and mature blood cells.^[@B68]^ These transporters protect HSCs from cytotoxic agents. Cells expressing ABCG2 excrete Hoechst 33342 fluorescent dye; they are detected by fluorescence-activated cell sorting (FACS) as fluorescent dye-negative cells. Stem cells are concentrated in this small unstained population and this cell fraction is referred to as the side population (SP). The fluorescence-excreting function is inherent in normal somatic stem cells and CSCs. GSCs are concentrated in the SP fraction^[@B34],[@B44]^ and SP cells are different from non-SP cells in their ability for self-renewal, tumorigenesity, and resistance to therapy. The drug efflux ability is controlled by several genes of the ABC transporter family and protects CSCs from the effects of chemotherapeutic agents.^[@B20]^ The ABCG2 gene plays a major role in the control of this function. In the transgenic mouse model a nuclear form of GFP expression under the control of the ABCG2 promoter was detected in the ventricular zone of the developing forebrain and spinal cord where NSCs exist.^[@B58]^ Patrawala et al.^[@B60]^ reported that a subpopulation of ABCG2^−^ cells produced ABCG2^+^ cells and that both ABCG2^+^ and ABCG2^−^ cells are tumorigenic. They concluded that ABCG2 expression primarily identifies fast cycling tumor progenitors and that the ABCG2^−^ population contains primitive stem-like cancer cells. On the other hand, Broadley et al.^[@B10]^ documented that doxsorubicin-exposed cells showed a transient increase in SP cells without being enriched for the stem cell phenotype.

Taken together, these findings suggest that GSCs can be enriched by using some cell surface markers and/or the drug efflux ability. However, these techniques are suboptimal if the goal is the purification of *bona fide* GSCs.

Cell origin of GBM
------------------

Core signaling pathways, e.g. receptor tyrosine kinase (RTK), p53, and Rb are crucial in clinical studies of glioblastoma.^[@B13]^ They are also significant for gliomagenesis in both genetically manipulated mouse models and several types of iGSCs transformed from neural lineage cells via the over- and down-regulation of these core pathway genes.^[@B14],[@B26],[@B50],[@B52]^ To investigate the cell origin of GBMs, we established iGSCs derived from p53-/- NSCs, astrocytes, and oligodendrocyte precursor cells (OPCs). These were transformed by the over-expression of the active form of *H-ras*. While 10 injected iGSCs from NSCs and OPCs formed GBMs in the brains of nude mice, the injection of 10^4^ iGSCs from astrocytes was required to form anaplastic astrocytomas, indicating that NSCs and OPCs have a higher potential for gliomagenesis than astrocytes.^[@B32],[@B33]^ Liu et al.^[@B50]^ who used a mouse model of p53/Nf1 mutation showed that GBM originates from OPCs and Friedmann-Morvinski et al.^[@B26]^ who performed p53/Nfl knockdown in mouse brains demonstrated that even mature neurons and astrocytes can induce malignant gliomas. They proposed that upon defined genetic alterations, most differentiated cells in the central nervous system (CNS) undergo dedifferentiation to generate an NSC- or progenitor state, to maintain tumor progression, and to give rise to the heterogeneous populations observed in malignant gliomas. Thus, not only NSCs and OPCs but also mature neurons and astrocytes can be the target of gliomagenesis.^[@B14],[@B26],[@B32],[@B33],[@B50],[@B52]^

Characteristics of GSCs
-----------------------

Clinically, GSCs are resistant to conventional chemo- and radiotherapy.^[@B5],[@B20]^ Residual tumor cells, especially GSCs in GBM niches, lead to recurrence even after primary intensive treatment consisting of surgery and chemo- and radiotherapy.

Bao et al.^[@B2]^ who studied the radioresistance of GSCs showed that CD133^+^ glioma cells recovered more quickly from deoxyribonucleic acid (DNA) damage than CD133^−^ cells by expressing checkpoint kinase (Chk) 1 and 2. Ropolo et al.^[@B67]^ examined DNA repair in five stem and non-stem glioma cell lines. They found that the population-doubling time was significantly longer for stem- than non-stem glioma cell lines, and that the activation of Chk1 and Chk2 was enhanced in untreated CD133^+^ compared to untreated CD133^−^ cells. After irradiation, DNA base excision repair, single-strand break repair, and the resolution of phospho-H2AX nuclear foci, an indicator of double-strand break repair, were not significantly greater in CD133^+^ than CD133^−^ cells. They suggested that an elongated cell cycle and enhanced basal activation of checkpoint proteins contribute to the radio-resistance of GSCs and that enhanced DNA repair is not a common feature of these cells.

In GBM, CD133^+^ cells highly express drug resistance genes and this result in chemoresistance.^[@B9],[@B51]^ Despite treatment with temozolomide (TMZ), an important anti-GBM drug, some GBM cells survive, leading to tumor recurrence within a year. TMZ kills GBM cells but the ratio of SP cells among residual tumor cells increases.^[@B17]^ Consequently, although treatment with TMZ plus radiation has extended the mean survival time of GBM patients, this therapy fails to eradicate all GSCs.^[@B75]^

Somatic stem cells and CSCs have been identified among slow-dividing and/or dormant cell populations but have not been shown among GSCs.^[@B73]^ Deleyrolle et al.^[@B21]^ reported that glioma cells were stained with carboxyfluorescein diacetate succinimidylester (CSFE) and that this fluorescent dye was diluted by cell division. Characteristically, CFSE^high^ cells, i.e., slow-dividing cells, showed a higher expression of stem cell markers and stronger tumor forming more ability than CSFE^low^ cells. This was the first evidence that label-retaining tumor-initiating cell populations within the human GBM-derived glioma sphere are highly tumorigenic GSCs and their findings may help to explain the resistance of GSCs to conventional therapies.

GSCs and hypoxia
----------------

According to Pistollato et al.,^[@B64]^ oxygen tension controls the expansion of precursors in the human CNS. Low physiological oxygen tension maintains stemness, while higher oxygen tension promotes the differentiation of normal human neural precursors into astrocytes and oligodendrocytes. Hypoxia has critical effects on CSCs.^[@B30],[@B36],[@B38],[@B39],[@B45]^ With respect to gliomas, it promotes the expression of GSC markers and expands the GSC pool.^[@B4],[@B31],[@B53],[@B54],[@B71],[@B81]^ Natsume et al.^[@B55]^ reported that girdin maintains the stemness of GSCs; under hypoxic conditions its expression was up-regulated in parallel with the expression of CD133. Earlier, Pistollato et al.^[@B63]^ had documented that the intratumoral hypoxic gradient drives stem cell distribution and the expression of MGMT in glioblastoma.

An essential gene regulating the hypoxic condition is hypoxia-inducible factor (HIF). It regulates GBM recurrence and its poor response to treatment and is involved in the poor prognosis of GBM.^[@B37],[@B38],[@B81]^ Calabrese et al.^[@B11]^ reported that the stem cell pool in the brain tumor mass physically interacts with the tumor vasculature and endothelial cells. In particular, HIF-1 alpha induces the recruitment of bone marrow-derived vascular modulatory cells to regulate tumor angiogenesis and invasion.^[@B23]^ HIF regulates the tumorigenic capacity of GSCs and HIF-2 alpha is specifically expressed in GSCs.^[@B49]^ In addition, HIF-2 alpha expression correlates with the poor survival of glioma patients.^[@B49]^ Kolenda et al.^[@B43]^ showed that in addition to the expression of HIF-1 alpha and HIF-2 alpha, the expression of stem cell and chemoresistant markers was increased under hypoxic conditions while Ki-67 was reduced. Together, these findings indicate that hypoxia promotes not only chemoresistance but also stem cell marker expression and slowing of the cell cycle.

GSCs and GBM niches
-------------------

With respect to HSCs, both perivascular and osteoblastic niches play an essential role in the existence of progenitor and stem cells.^[@B40],[@B82]^ Doetsch et al.^[@B22]^ studied neurogenesis in the adult mouse brain. They showed that characteristic microenvironments help NSCs to maintain their ability for self-renewal, multi-lineage differentiation, and infinite proliferation. They designated stem- and proliferative progenitor cells as type B and C cells, respectively, and migrating neuroblasts as type A cells assembled in the subventricular zone where NSCs were in touch with vessels. NSCs reside in the perivascular niche and their self-renewal ability is regulated by this specific microenvironment.^[@B59]^ Cell-cell- and cell-ECM interactions and interactions among several secreting molecules are important in NSC and GBM niches.^[@B22],[@B25],[@B61]^

Hypoxic- and perivascular niches are strongly involved in the initiation, progression, chemotherapy resistance, and recurrence of GBM ([Fig. 2A, B](#F2){ref-type="fig"}).^[@B29]^ Hypoxia promotes angiogenesis and the migration and expression of stemness genes, resulting in the exacerbation of clinical symptoms due to tumor cell invasion, expansion of the tumor mass and perifocal edema, and it induces resistance to therapy. HIFs are key regulators of vascular endothelial growth factor (VEGF) expression and other hypoxia-responsive genes such as Oct4, Sox2, and Glut1.^[@B29],[@B38],[@B39],[@B49],[@B81]^ The number of capillaries in GBM tumors correlates with the patient prognosis^[@B48]^ and CD133^+^ GSCs promote tumor angiogenesis through VEGF.^[@B3]^

Zhu et al.^[@B84]^ reported that endothelial cells create a stem cell niche in GBMs by providing NOTCH ligands that nurture the self-renewal of GSCs. In addition, GSCs recruit endothelial cells and GSCs transdifferentiate into endothelial cells.^[@B3],[@B11],[@B66],[@B79]^ According to Cheng et al.,^[@B16]^ GSCs generate vascular pericytes to support vessel function and tumor growth. Like endothelial cells, pericytes are important constituents of GBM niches. Specific microenvironments in hypoxic- and perivascular areas result in the formation of GBM niches. Thus, several genes and molecules in the GBM niches control the maintenance and expansion of GSCs ([Fig. 2A, B](#F2){ref-type="fig"}).

GSCs and GBM niches as treatment targets
----------------------------------------

The usual targets of chemo- and radiotherapy are rapidly dividing cancer cells because expansion and invasion of the tumor mass into surrounding tissue results in organ dysfunction and local pain. GBM is comprised of heterogeneous cell populations that contain not only rapidly-, slowly- and non-dividing cells but also dormant cells. The fraction of dormant and slow-dividing cells appears to be able to resist chemo-radiotherapy due to drug reflux and DNA repair. Accumulated knowledge regarding GSCs and GBM niches has led to the realization that a paradigm shift is necessary with respect to the targets of GBM treatments. In efforts to eradicate GSCs, the blocking of several key pathways related to the maintenance of stemness has been found to effectively reduce their tumorigenic potential. In fact, inhibition of some pathways, e.g., Sonic hedgehog (Shh), Notch, and Wingless-type (Wnt) attenuated the characteristics of stemness and inhibited the formation of GBMs.^[@B18],[@B24],[@B42]^

Differentiation therapy is an additional strategy that targets GSCs. Piccirillo et al.^[@B62]^ reported that bone morphogenetic protein inhibits the tumorigenic potential of human GSCs. All-trans-retinoic acid (ATRA), a standard drug for the treatment of acute promyelocytic leukemia, was effective against GSCs; it induced differentiation and therapy-sensitizing effects, impaired the secretion of angiogenic cytokines, and disrupted GSCs motility.^[@B12]^ Hofstetter et al.^[@B35]^ documented the relationship between hypoxia and the dormancy of GSCs. They showed that protein phosphatase 2A (PP2A) mediates the dormancy of GSCs under hypoxic conditions and that inhibition of PP2A activity results in increased cell proliferation, ATP exhaustion, and the acceleration of P53-independent cell death of hypoxic GSCs.

The perivascular niche is a potential target for GBM treatment. Blocking the SDF-1/CXCR4 pathway prevents or delays tumor recurrence after irradiation by inhibiting the recruitment of monocytes and macrophages that participate in tumor revascularization.^[@B76]^ In addition, the deletion of vascular pericytes generated from GSCs inhibits tumor growth^[@B16]^ and a reduction in pro-angiogenic gene expression interrupts perivascular niche formation and results in a decrease in the number of GSCs.^[@B28]^ Thus, not only specific cells, i.e., endothelial cells and vascular pericytes, but also important genes, i.e., stemness genes and pro-angiogenic genes, are candidate targets in efforts to eradicate GSCs.

Although current conventional GBM treatment strategies can decrease and/or minimize the number of GSCs and GBM niches, they are not curative. Post-treatment, some enhanced lesions indicative of residual tumor disappear on MR imaging scans. Theoretically, both therapy-resistant GSCs and GBM niche cells are minimized at that time, suggesting that nearly "naked" GSCs exist in incomplete GBM niches ([Fig. 3](#F3){ref-type="fig"}). This presents an excellent opportunity for attacking GSCs directly. Besides conventional chemotherapeutic drugs, novel treatment strategies targeting GSCs, and GBM niches may help to cure patients with GBM. The further disruption of GBM niches evacuates GSCs, abolishes their stemness, and induces chemo-radio sensitivity and terminal differentiation. Additionally, due to the specific metabolism and immunoreactivity of GCS, the targeting of GSC-specific cell surface markers may render these cells dormant and/or prove eradicative ([Fig. 3](#F3){ref-type="fig"}).

The development of multi-focal treatment strategies aimed at target cells and target functions and the optimal timing of treatments may improve the survival time and quality of life of GBM patients.

Concluding Remarks
==================

Recently, leukemia has become a curable disease by the combination of chemotherapy, radiotherapy, and bone marrow transplantation, but GBM have not. The maximum removal of GBM tissue without eliciting neurological deficits is important for prolonging the survival of GBM patients and for retaining their good quality of life. Actually, the total resection of GBM tumor cells is extremely difficult because they invade into the deep brain.^[@B80]^ Occasionally, treatment may elicit pancytopenia, radiation necrosis, and the deterioration of cognitive functions in elderly patients. These issues make the radical treatment difficult.

The advent of CSC theory led to fine experiments on GSCs and GBM niches and then showed new insights. An advanced understanding of GSCs and GBM niches can be expected to lead to the development of new therapeutic strategies to cure GBM patients.
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![Recurrence of GBM. A--C: Contrast-enhanced MRI of a patient with GBM in the right frontal lobe obtained before surgery (A), after treatment with TMZ and radiotherapy (B), and at recurrence (C). D: Schematic drawing of GBM cell invasion into the deep brain. Although the GBM tumor mass is removed, invaded cells remain in the brain. Clusters of GSCs and non-GSCs form specific environments (GBM niches) with some extracellular matrix and secreting molecules. GBM recurs in the periphery of the removal cavity (marginal area) where some GSCs in GBM niches are resistant to chemo-radiotherapy and survive. GSCs without GBM niches in the invasive area die, stop growing, or grow below the detection level on MRI. GBM: glioblastoma multiforme, GSCs: glioblastoma stem cells, MRI: magnetic resonance imaging, TMZ: temozolomide.](nmc-53-764-g1){#F1}

![GBM niches. The stemness of GSCs is maintained by reciprocal signaling in the GBM niche. Perivascular and hypoxic (peri-necrotic) niches are important for GSCs. HIFs and VEGFs are key molecules for the establishment and maintenance of GBM niches. They harbor GSCs, non-GSCs, extracellular matrix, and secreting molecules. Representative genes and molecules are indicated in the box. A: Perivascular niche. Endothelial cells and pericytes in the perivascular area produce molecules for angiogenesis, and also interact with GSCs, non-GSCs, extracellular matrix, and secreting molecules that regulate the expression of genes involved in the maintenance of stemness. B: Hypoxic (peri-necrotic) niche. Hypoxia induces necrosis and regulates the expression of stemness genes. The population of GSCs increases and their proliferation slows. Some GSCs start to invade or enter into dormant state. FGF: fibroblast growth factor, GBM: glioblastoma multiforme, GSCs: glioblastoma stem cells, HIF: hypoxia-inducible factor, VEGF: vascular endothelial growth factor.](nmc-53-764-g2){#F2}

![Additional treatment to eradicate GSCs. Postoperative chemo- and radiotherapy decreases the number of viable GSCs and GBM niche cells, although nearly "naked" GSCs remain in these incomplete GBM niches where suitable microenvironment for supporting GSCs is damaged. Direct attack on the GSCs and/or disruption of GBM niches may result in the terminal differentiation, dormancy, and eradication of GSCs. GBM: glioblastoma multiforme, GSCs: glioblastoma stem cells.](nmc-53-764-g3){#F3}

[^1]: **Conflicts of Interest Disclosure**

    The authors have no personal, financial, or institutional interests in any of the drugs, materials, or devices cited in this article. All authors who are members of The Japan Neurosurgical Society (JNS) have registered online their self-reported COI disclosure statements (available from the JNS website).
